A hexagonal ferrite thin film-based planar millimeter-wave phase shifter was demonstrated. The device made use of an M-type barium ferrite ͑BaM͒ thin film prepared by pulsed laser deposition and a coplanar waveguide geometry. The phase tuning relied on ferromagnetic resonance in the BaM film. The device showed a phase tuning rate of 43°/ ͑mm kOe͒ and an insertion loss of 3.1 dB/mm in the on-resonance regime. In off-resonance regimes, the device showed smaller loss and smaller tuning rates. The experimental results were confirmed by theoretical calculations. © 2010 American Institute of Physics. ͓doi:10.1063/1.3481086͔ Microwave magnetic devices have had a major impact on the development of microwave technology.
Microwave magnetic devices have had a major impact on the development of microwave technology.
1-3 The underlying physical effects in those devices include Faraday rotation, ferromagnetic resonance ͑FMR͒, field displacement, and spin-wave propagation, among others. Whatever the basis for a given device, the operating frequency is determined essentially by the FMR frequency of the magnetic component. The FMR frequency, in turn, is determined mainly by the saturation magnetization ͑4M s ͒ and the effective anisotropy field ͑H a ͒ of the material, and the external bias magnetic field ͑H͒.
At present, there is a critical need for the extension of current microwave magnetic device physics and technology into the millimeter ͑mm͒ wave regime. Two important strategies have evolved to meet this need. One is in the use of high-4M s metallic thin films, such as iron and Permalloy nanometer films. 4, 5 The second has been in the development of high-H a hexagonal ferrite thin films, such as M-type hexagonal ferrite BaFe 12 O 19 ͑BaM͒ thin films. 6, 7 Theoretical calculations suggested that it was possible to use FMR effects in BaM thin films to develop planar mmwave filters and phase shifters. 8 Recent experiments have clearly demonstrated the feasibility of BaM film-based filters. 9, 10 The BaM thin film phase shifters, however, have not been demonstrated experimentally.
This letter reports the demonstration of a BaM thin filmcoplanar waveguide phase shifter. The BaM film was prepared by pulsed laser deposition ͑PLD͒ techniques. It had an out-of-plane uniaxial anisotropy with an effective anisotropy field of 16.5 kOe. This high, built-in anisotropy field facilitated the FMR operation around 50 GHz for external bias fields of only several kilo-oersteds. The phase shift response was measured by a probe station and a vector network analyzer. In the on-resonance regime, the device showed a linear phase tuning range of 30°, a tuning rate of 43°/ ͑mm kOe͒, and a constant insertion loss of 3.1 dB/mm. As one moved to below-resonance regimes, the insertion loss was reduced significantly, but both the tuning range and tuning rate were also reduced. The experimental results were confirmed by theoretical calculations. The results provide clear implications for the future of BaM thin film-based planar mm-wave phase shifters. Figure 1 shows a schematic of the device. The coplanar waveguide was on a 640-m-thick Al 2 O 3 substrate. It was 5 mm long and had an impedance of 50 ⍀. The signal line and grounds were made of gold and were 3.5 m thick. The signal line had a width of 100 m, and the separation between the signal line and grounds was 50 m. The BaM film element was 4 mm long, 2 mm wide, and 5 m thick. It was positioned on the top of the coplanar waveguide with its substrate side facing up and its short edge parallel to the signal line. The c axis of the film was normal to the film plane. An external field H was applied perpendicular to the film plane to tune the phase of the device.
The BaM film was grown on a 0.5-mm-thick c-plane sapphire substrate through PLD techniques. The deposition used a 248 nm KrF excimer laser, and the energy fluence of the laser beam was 1.7 J / cm 2 . To a large extent, the quality of the BaM film depends on deposition control parameters and postdeposition annealing conditions. For the data presented below, the film was deposited with a laser pulse repetition rate of 20 Hz, a substrate temperature of 910°C, and a target-substrate distance of 4.0 cm. The postdeposition annealing was done at 1100°C for 30 min in an oxygen atmosphere. circles show the data for a field applied perpendicular to the film plane while the squares show the data for a field in the film plane. The vertical dashed line indicates the determination of the anisotropy field H a . Graph ͑b͒ presents a fieldswept FMR absorption derivative profile of the BaM film. This profile was measured with a field perpendicular to the film plane. The measurement was done at 60 GHz with a shorted V-band waveguide system and field modulation and lock-in techniques. In ͑b͒, the dashed lines indicate the determination of the FMR line width.
The two hysteresis loops in ͑a͒ clearly indicate that the film has an out-of-plane anisotropy with H a Ϸ 16.5 kOe. They also indicate a saturation magnetization of 4M s Ϸ 4.3 kG. The loops also show small coercivity values. The out-of-plane loop indicates a coercivity of only 20 Oe. These values are all close to those reported for bulk BaM single crystals. 11, 12 This match indicates that the BaM film is well oriented. The profile in ͑b͒ shows a clear resonance response with a resonance field of 9.46 kOe. This field is very close to the theoretical FMR field of 9.23 kOe, which was calculated with the H a and 4M s values mentioned above and the gyromagnetic ratio ͉␥͉ = 2.8 GHz/ kOe. The FMR profile also indicates a peak-to-peak line width of about 340 Oe. This line width is one order of magnitude higher than that reported in Ref. 6 but is on the order of the values used in previous simulations on BaM phase shifters.
8 Figure 3 shows the response of the device. Graphs ͑a͒ and ͑b͒ present the amplitude and phase, respectively, of the transmission parameter S 21 for four different fields. Graphs ͑c͒ and ͑d͒ give the central frequency and 3 dB line width, respectively, of the dips in the transmission profiles, four of which are shown in ͑a͒. The line in ͑c͒ shows the theoretical FMR frequencies of the BaM film calculated with the parameters given above and a small field correction of +0.14 kOe. It should be noted that previous theoretical calculations for a microstrip geometry had shown that the position of the dip in transmission did not necessarily occur at the same frequency as the maximum absorption in a FMR experiment. 8 The field correction found here is consistent, in magnitude and sign, with the shift found in Ref. 8 .
Four results are evident in Fig. 3 . ͑1͒ As shown in ͑a͒, the transmission of the device shows a clear dip response, which is tunable with the field. ͑2͒ In the dip regime, the phase changes significantly with the field. ͑3͒ There is a good agreement between the dip central frequencies and theoretical FMR frequencies. This match indicates that the transmission dip and phase change responses originate from the FMR effect in the BaM film. ͑4͒ The line width is one order of magnitude higher than and shows a frequency dependence opposite to that reported in Ref. 6 . Figure 4 shows representative data on the phase shift properties. Graphs ͑a͒ and ͑b͒ show the phase shift and insertion loss, respectively, as a function of field measured at 50 GHz. The phase shift is the phase of the device output relative to that measured at H = 5.35 kOe. Graphs ͑c͒ and ͑d͒ show the data for 54 GHz. The phase shift in ͑c͒ is the phase relative to that measured at 4.60 kOe. For the field ranges in Fig. 4 , the 50 GHz point is within the on-resonance regime, while the 54 GHz point is in the below-resonance regime.
The data in ͑a͒ and ͑b͒ show a negative phase shift which decreases almost linearly with H and an insertion loss which is almost constant over the entire field range. The phase shift decreased from 0°to -30°as the field was increased from 5.35 to 5.70 kOe. This corresponds to a phase tuning rate of 43°/ ͑mm kOe͒. The insertion loss changed in a narrow range of 6.3Ϯ 0.5 dB, and this corresponds to a loss rate of about 3.1 dB/mm. The responses at 54 GHz are significantly different. Specifically, both the phase shift and insertion loss are smaller than those for 50 GHz. The linear phase tuning range is 11°. The phase tuning rate is 3.2°/ ͑mm kOe͒. The insertion loss is only 0.7 dB/mm. Figure 5 shows theoretical results. Graphs ͑a͒ and ͑b͒ give the transmission and phase profiles, respectively, of the device for different fields. Graphs ͑c͒ and ͑d͒ give the phase shift as a function of field for different frequencies. For a better comparison with experimental data, these graphs have the same format as the corresponding graphs in Figs. 3 and 4 . The calculations were done with an effective medium theory 13 and the parameters given above. The permeability for the BaM film was given in Ref. 8 . The FMR line width of the BaM film was taken to be ⌬H = ⌬H 0 +2␣f / ͉␥͉, where ⌬H 0 was the frequency independent line width, chosen as 400 Oe, ␣ was the damping constant, chosen as 0.0042, and f was the frequency. The dielectric constant for the BaM film and the substrates was 10. The effective medium was composed of a 5 m BaM film, a 150 m sapphire layer, and an air gap of 5 m between the BaM film and coplanar waveguide. The air gap was considered as the BaM film was positioned, not deposited, on the coplanar waveguide.
The data in ͑a͒ and ͑b͒ indicate the following results: the device shows field-tunable resonance response; the transmission dip is slightly asymmetrical at low fields; the minimum transmission is about -6 dB and decreases slightly with field; the width of the transmission dip decreases slightly with field; and the phase increases about 33°during the resonance. All of these results agree very well with those shown in Fig. 3 . However, both the off-resonance insertion loss and the entire phase change are smaller than experimental values. This is because the calculations considered only the short active portion of the device -the portion with the BaM film, not the 5-mm-long coplanar waveguide. The data in ͑c͒ and ͑d͒ show the phase shift ranges and tuning rate of the device that perfectly match the experimental values shown in Fig. 4 .
There are three key points for emphasis. First, the above experimental and theoretical results together clearly demonstrate the feasibility of the use of FMR effects in BaM thin films to develop planar mm-wave phase shifters. Second, it is the built-in high anisotropy field that facilitates the operation of the phase shifter at 50 GHz for relatively low bias fields. Third, both the linear tuning of the phase and the flatness of the loss curves are critical for practical applications. The maximal phase shift ranges are much wider than those shown in Fig. 4 . In these wider ranges, however, the phase tuning is nonlinear and the loss is not constant. It is also important to note that there are previous works on hexagonal ferrite phase shifters. 14, 15 Those devices used thick ferrite slabs and operated at K-band and Ka-band frequencies. In contrast, the device reported above made use of PLD thin films and operated at higher frequencies. This work demonstrates the feasibility of the development of monolithic mm-wave phase shifters through thin film technologies. 
